The measuremellt of airway humidity is reviewed, particularly the methods which have been used during anaesthesia and endotracheal intubation. Reported heat and moisture patterns are related to possible effects on the tracheal mucosa and whole body heat balance.
Inspired aIr gains heat and humidity as it moves toward the alveoli, and b~con1('s fully saturated at body temperature in the larger airways (Dery 19(1) . The greatest transfer of heat and moisture occurs where this air first meets the respiratory mucosa (Perwitschky J927, Cramer H157, Sara 19(35, Ingelstedt 19(0) . By insertioll of a tube into the trachea, the nasal mucosa has been bypassed, and there are changes in the respiratory" air conditioning ".
Other factors which impose abnormal conditions on the intubated respiratory tract include anaesthetic drugs and anaesthetic circuits (Burton 19H:!) . If these various factors produce an unnatural climate in the trachea, then the subsequent tracheal temperatures and humidities could be correlated with cellular changes of the respiratory epithelium, or to change in its function, such as mucus clearance. Measurement of the tracheal climate would show when the tracheal mucosa has to supply abnormal amounts of heat and moisture, and might indicate the occasions in clinical practice when the respiratory water vapour content is likely to fall below a critical level, recognizing that respiratory pathology or drugs might raise the * F.F.A. RA.C.S., Staff Anaesthetist. basic requirements for delivered vapour content (Walker, Wells and Merrill 1961) . The supposition of this critical level has prompted many investigations into respiratory heat and humidity, and has led to various assumptions of the supplementary humidification necessary in clinical situations.
The purpose of this paper is : 1. To review the methods of hygrometn' used in various studies of airway heat and humidity and to reconcile differences reported by various authors.
2. To establish a means of predicting the inspired humidity which anaesthetic circuits deliver to the intubated patient.
3. To examine the microclimate in the trachea and relate changes in the microc1imate to reported changes in mucosal function. 4. To relate demonstrated variations III airway exchange of heat and water vapour to potential changes in the heat and water balance of the whole body, with particular reference to inadvertent hypothermia in the unconscious adult. stream can be measured as an absolute humidity, such as mg per 1 of gas (giving the same figure as g/m 3 ). Results may be referred to other variables, such as the water vapour pressure, or the relative humidity.
The relative humidity is the absolute humidity in the gas as a percentage of the highest possible vapour content for that gas at a particular temperature. However, often the temperatures to which it is referred are not comparable, e.g., association of the total expired water with the peak end-expired temperature, whereas it would be related more appropriately to the mean expired temperature (Caldwell, Gomez and Fritts 1969) . If the peak end-inspired and end-expired temperatures are used, then relative humidity can be derived by psychrometry, where the" wet bulb" temperature is recorded simultaneously with the" dry bulb" (Ingelstedt 1956 ). The larger the peak to peak variations in temperature, the greater will be the differences observed between the inspiratory and expiratory humidity, both absolutely and in comparison with the integrated mean values.
In addition to psychrometry, methods of hygrometry include the mass spectrometer (Green and Nesarajah 1968 ) electrical systems (Loew, Klein and Chalon 1972) , dew-point devices (Dery et al. 1968 , Sato 1961 ) and techniques which trap water by condensation or absorption (Chase, Kilmore and Trotta 1961 , Caldwell et al. 1969 , Han and Lowe 1968 .
The apparatus may examine: (a) The mean humidity of a portion of the respiratory cycle, usually the whole of the inspiratory and/or the expiratory phases.
(b) The end-phasic inspiratory and/or expiratory humidities.
(c) The time-based mean of whole cycles, where sampling is made continuously during a number of breaths, giving the average humidity which exists at that point in the airway.
The humidity of portions of the respiratory cycle have been studied during endotracheal intubation (Sato 1961 , Dery et al. 1967 , Dery 1973a ). Dery divided the inspiratory phase into thirds, and found that with arid gases the lowest relative humidities were in the last third; these were considerably higher than the end-inspired humidities found under similar conditions by Shanks and Sara (1973a) . Mean inspired relative humidities during anaesthesia with the circle system reported by Dery et al. (1967) , were in agreement with the end-inspired figures of Shanks and Sara (1973b) .
Determination of the difference between the inhaled and the exhaled gases gives the net respiratory water loss (Chase et al. 1961, Han and Lowe 1968) . In the detailed studies by Caldwell et al. (1969) , normal volunteers breathing dry gases lost 29 mg of water vapour in each litre, and introduction of a simple valve reduced this loss to 22 mg per litre. The conservation of water in apparatus dead space was reported by Cramer (1957) , and presumably explains why Han and Lowe (1968) obtained smaller losses during non-rebreathing anaesthesia than those found during mask breathing by Chase et al. (1961) . When losses are measured at a point distal in the trachea, heat and moisture exchange which occurs on the walls of the trachea is ignored and so the measurements give only an approximation of the tracheal losses; however, they are the net losses from the body, from which the evaporative component of respiratory heat exchange can be calculated.
The end-expired temperatures and humidities are higher than the mean expired values, and this might explain why the expired gases have been found to be unsaturated when mean losses are measured (Cramer 1957 , Caldwell et al. 1969 ). The end-tidal air is normally 30-34°C (Webb 1951 , Ingelstedt 1956 ). Saturated air just above 33°C carries 36 mg of water per litre, and has a water vapour pressure of 3R mm Hg. Green and Nesarajah (1968) found this vapour pressure when they used a mass spectrometer to measure end-tidal water at the lips.
End-inspired humidities have been studied infrequently. Ingelstedt (1956) developed a psychrometer which could be introduced through the cri co-thyroid membrane into the SUbglottic space. During nasal breathing, he found an end-inspiratory temperature of 32 '3°C, with 98 per cent saturation. His results appear to have become the standard for the minimum permissible levels of humidity in the gases entering the trachea (Chamney 1969) .
The time-based mean humidity gives an index which should be suitable for comparative studies, provided it is measured in the trachea. It removes some of the variations due to ventilatory patterns, and provides a figure for average conditions in the airway over many respiratory cycles. Continuous mean temperature and humidity can be obtained by psychrometry when the "wet and dry" thermometers have a high heat capacity. Using this technique, Sara and Currie (1956) found that oral breathing of room air produced an upper tracheal temperature of 31°C with an 80 per cent relative humidity.
A model lung ( Figure 1 ) can be arranged to provide conditions resembling those found during endotracheal intubation (Shanks and Sara 1973a) . A psychrometer of high heat capacity was placed in the mock trachea just below the endotracheal tube; it consistently gave" dry bulb" temperatures of 30 to 31°C. During ventilation with dry gases, the overall mean relative humidity was 69 per cent, With delivery of saturated gases it remained at 100 per cent. Gases supplied at a predetermined 60 per cent humidity, and ventilation with room air, gave mean " tracheal" relative humidities WATER at 36'-37' WATER BATH just below 80 per cent. These unpublished data are consistent with results reported when gases have been supplied saturated (Shanks and Sara 1973c, Shanks 1973) , and during use of the semi-closed circle (Dery et al. 1967, Shanks and Sara 1973b) . However, they remain in disagreement with Dery (1973a) when dry gases are breathed; just below the endotracheal t~be he found the inspired gases had a mean relatIve humidity of 76·3 per cent at a peak inspiratory temperature of 31 '6°C.
End-tidal Psychrometry* The method was based on that described by Ingelstedt (1956) . It employs paired thermocouples placed axially in the gas stream, the second of which was modified to produce a " wet bulb" temperature ( Figure 2 ). Response WATER CANNULA / THREAD FIGURE 2.-The psychrometer consisted of two thermocouples which faced each other in the airway. Water was deposited on the" wet bulb" cross-wires before each measurement.
of thetsystem were examined under laboratory conditions. The TRA-1 (" dry bulb ") thermometer (Footnote: Elektrolaboratoriet, Copenhagen) gave a 90 per cent response time of 0·15 seconds when exposed to a sudden 10°C rise when the gases were saturated. However, exposure to dry gases demanded its rapid cooling to well below 10°C, and this took not less than four seconds. The possible effects of this slow response time on the results were examined using a model lung (Figure 1) , details of which have been described (Shanks and Sara 1973a) . Ventilation of the model lung was performed by producing sub-atmospheric pressures in the bottle, giving the equivalent of "spontaneous" breathing. As in all the author's previous studies, investigations were made with a standard tidal volume of 500 ml inspired during one second. The fresh gases were delivered at not less than 25 litres per minute and the non-rebreathing system utilized a T-piece (Ayre type, Mapleson E). The psychrometer was placed just within the patient limb, and the end-inspired humidities derived were assumed to be those of the fresh gas stream. The relative humidity of the fresh gas was predetermined by the method of Loew, Klein and Chalon (1972) , which mixes a known ratio of saturated and dry gases at room temperature. Figure 3 shows the relationship between this predetermined humidity and the derived (measured) humidities given at the end of inspiration by the psychrometer. It is apparent that the greatest error occurs with the gases of lowest humidity; in this and previously published studies, the quoted end-inspired humidities were artificially high when measured in dry gases, particularly with non-rebreathing systems. 
The Effects of Delivered Water Vapour Content in Systemic Heat and Water Balance
In conscious subjects, respiratory heat losses are of marginal interest, making a small percentage of the total figure. General anaesthesia upsets temperature control, and the patient may be exposed to many factors which promote hypothermia. This is particularly likely with small children, and the problem has recently been reviewed by Dilworth (1973) .
When normal subjects, and those with respiratory disease, breath dry gases, the hourly total of heat loss from the airway has been calculated to be approximately one kilocalorie for each litre of the respiratory minute volume (Clarke et al. 1954 , Sato 1961 , Caldwell et al. 1969 . Most of this is lost in providing the latent heat of vapourization for the water, some 0 ·58 kilocalories for each millilitre. Chase et al. (1961) found that 30 mg per litre was the average water loss from a dry nonrebreathing circuit. At a respiratory minute volume of 10 litres, this becomes a loss of 18 ml of water per hour. Table 1 uses their figure to calculate the hourly heat loss, recognizing that the valve would reduce the losses (Caldwell et al. 1969) . Larger losses would occur when anaesthesia included hyperventilation with dry gases.
Gases can be delivered saturated at room temperature from a "wet" circle absorber system. This can be produced in a number of ways (Chase et al. 1962 ) such as wetting the tubing, relocating the fresh gas inflow (Berry et al. 1973) or using a closed system. Chase et al. (1961) measured respiratory water loss during closed circuit anaesthesia, and found an average water loss of 8·8 mg per litre. The second column of Table 1 indicates how the saturated gases in a "wet" circle absorber system has considerably reduced the hourly total. Addition of a heated humidifier produces a balance of inspiratory and expiratory heat and moisture, with a cancellation of respiratory heat losses (Dery 1973b) . Heated humidification helps maintain normothermia more by negation of these losses than by positive heat gain. Unlike the circle system, the to-and-fro cannister is placed close to the patient's head, and environmental cooling of the saturated gases is much less. The heat and water produced by Anaesthe.sia and Intensive Care, Vol. II, No. 3;. August, 1974 neutralization of CO 2 , joins with that in the exhaled gases. and in a warm theatre the patient can become hyperthermic (Clark. Orkin and Rovenstine 1954) . Larger amounts of carbon dioxide increase this effect and deliberate addition of this gas has been used in the therapy of accidental hypothermia (Lloyd 1973 Shanks (1973) and the inspiratory and expiratory temperatures with which the water loss could have been associated. Evaporative heat loss was obtained by multiplying the difference between the expired and inspired absolute humidities by the expired volumes and the heat of vapourization of water. Heat lost in the gases was taken as the product of the difference between the inspired and the expired temperatures. the specific heat and the respiratory minute volume. However. heated llUmi(lification is on I\' one aspect of systemic heat loss. and its effects can be overwhelmed by extensive cutaneous losses. or by voluminous addition of cold fluids into a body cavity or vein.
Prediction of Inspired Humidity
The system which provides a predictable humidity in the delivered gas is the perfect non-rebreathing circuit in which all exhaled gas is eliminated and replaced with fresh gas.
Use of an unheated humidifier system can improve the delivered moisture content. though the efficiency of such units is curtailed by the rate of heat transfer to the water in the vaporizer e.g. an ether bottle (Chase et al. 1961) .
Humidity in the inspiratory tubing of a circle is more difficult to predict. as the circle absorber system has two sources of heat and moisture. :\ot only does the patient exhale warm saturated gas. but also the neutralization of carbon dioxide produces heat and moisture in the absorber cannister. Cooling en route from the absorber maintains this gas at 100 per cent relative humidity. so that the lower limit of the absolute humidity of this gas entering the inspiratory tubing would be its saturated water content at room temperature. If both the ventilated and fresh gas minute volume flow through the absorber system before entering the inspiratory side of the circle. then the gases for inspiration should be saturated at room temperature. This has been shown to be true with a paediatric system (Berry et al. 1973) and Table 2 (Part B). shows confirmatory data for the adult circuit. When the more usual circle absorber arrangement is used. dry fresh gas enters the inspiratory side. to mix with gases which have come from the absorber. If both are at room temperature. then the relative humidity varies with the proportions of the dry fresh gas inflow (F.G.I.) and the saturated gas from the ventilator via the absorber (VI) (Table 2. Part A). Though the saturated gases cool. they usually reach the inspiratory limb with a temperature warmer than that of the fresh gases. Fortuitously. this allows the expired minute volume (VE) to replace VI in prediction of an approximate inspiratory humidity. The simplified formula then becomes: Inspiratory relative humidity will be the minute volume (VE) as a percentage of the VE plus the F.G.I. Table 2 shows that the prediction should be clinically adequate. It gives reasonable agreement with the model system figures of Chalon et al. (1973) , and with Dery et al. (1967) , but not with Sato (1961) . The data used in the construction of Table 2 were derived during ventilation with tidal volumes of 500 ml, then altering the respiratory rate and/or the fresh gas flow. 
The Microclimate in the Trachea and its Effects
To facilitate these studies during endotracheal intubation, the ventilatory pattern was standardized, and psychrometers placed in the tidal airway were sited as closely as possible to the trachea and the anaesthetic circuit respectively (Figure 4) . This enabled examination of the gas conditions presented for inspiration by the circuit, as well as the changes which had occurred before gases entered the trachea.
Thirty-eight patients have been studied, using anaesthetic techniques which have been reported previously (Shanks and Sara 1973 a, b, c first group consisted of 13 patients who were ventilated with arid gases from a pre-dried non-re breathing circuit. The second group (11 patients) and the third group (14 patients) were anaesthetized with gases from a circle absorber system. In the second group the circle system was initially dry, and fresh gases were added near the inspiratory limb, so the gas mixture there became intermediate in saturation. For the third group saturated gases were supplied. This was achieved by several methods, including wetting the tubing and the circuit arrangement shown in Figure 4 . This Figure also shows the second psychrometer near the opposite end of the apparatus dead-space, at the bevelled opening of the endotracheal tube. Table 3 shows the mean values, which appear with their standard deviations in Figures 5 to 7 . Figure 5 shows that the temperatures were fairly comparable in the three groups, but Figures 6 and 7 show how the water vapour was at variance. Arid gases from the non-re breathing circuit reached the trachea with a low endinspired humidity. Under these conditions Dery (1973a) calculated that the tracheobronchial tree loses 11·8 g of water hourly, the remainder being recaptured water which condensed during expiration.
There was a relative humidity of about 60 per cent inhaled from the inspiratory tubing of the second group. This intermediate level is lower than that found by Dery et al. (1967) , who reported that the inspiratory relative humidity was 77·4 per cent when the fresh gas inflow was 4 l(min. They felt that the artificial airways were well able to compensate for by-pass of the nose during anaesthesia with the semiclosed system. This would be supported by the work of Chalon, Loew and 11alebranche (1972) , who examined bronchial washings. They found that one-hour's inhalation of dry gases through an endotracheal tube significantly damaged the ciliated cells recovered from the tracheobronchial epithelium. Changes were minimal in patients who were inspiring gases delivered with a humidity of 60 per cent at room temperature. Their third (and unaffected) group were exposed to gases saturated at body temperature. The conditions in their three groups have a strong resemblance to the conditions shown in Table 3 , except that the saturated group began with cooler gas temperatures, and thus lower absolute humidities. Chamney (1 !J69) condemned humidifiers which deliver 20--82 mg per litre of water vapour, a common figure for a saturated gas at room temperature. Heating the gas to body temperature would reduce its relative humidity to about 50 per cent. However, under saturated conditions, moisture exchange keeps pace with heat exchange, and the strain placed on the tracheobronchial mucosa is far less, due to the " inert" wall of the artificial airway. The saturated end-inspired gases entering the trachea in the third group (Table 3) were almost as warm and humid as those reported by Ingelstedt (1956) These findings suggest that prolonged ventilation with room air or gases from a circle absorber system resemble conditions which occur during mouth breathing. The healthy trachea may be able to withstand protracted exposure to these humidities, but not compensate when intubation imposes a drier climate. Dry gases rapidly affect the tracheobronchial mucosa (Toremalm, 1961; Burton, 1962; Chalon et al. 1972) . Cragg and Smith (1961) showed increase in mucus viscosity after 50 per cent of its water had been removed. However, in contrast to the findings of Stephens and Kennedy (1968) , Knudsen, Lomholt and Wisborg (1972) were unable to find a significant difference in the post-operative pulmonary complications between groups inhaling dry or humidified gases.
CONCLUSIONS
A wide variety of airway conditions are encountered during endotracheal intubation. The majority of anaesthetic and ventilation circuits supply gases at room temperature, and the main difference lies in the moisture content. Since the stored gases are totally dehydrated, then an efficient non-rebreathing system can conduct these gases to the tracheobronchial tree, modified only slightly by heat and moisture exchange which has occurred on the walls of the artificial airway. There are difficulties in determining the damage due to this aridity, both in terms of intensity and of duration of exposure; sufficient unwanted effects can occur to suggest that supplementary humidification is desirable whenever the intubated patient will be ventilated from a non-rebreathing system for more than three hours (Burton 1962 .
In the circle absorber system the inspired relative humidity can be predicted approximately, so that this can be arranged to be above the" recommended zone" of 60 per cent (Chalon et al. 1973) . This, and room air of similar humidity gave conditions in the intubated trachea which resembled those which have been found during mouth breathing in a comfortable room (Sara 1965) . Higher relative humidities could be obtained by reducing or re siting the fresh gas inflow, or by use of an unheated water-bath humidifier.
Further heat and moisture could be added by heated humidification, and delivery of gases saturated at body temperature reduce the normal respiratory heat losses to zero. The negative effect of airway heat losses was maximal during inspiration of dry gases, indicating the need for humidification when a non-rebreathing circuit is used for prolonged anaesthesia, in order to help prevent the development of inadvertent hypothermia (Rashad and Benson 1967) .
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